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ABSTRACT 

This study, designed to evaluate the use of quicklime for phos- 
phorus removal, was supported under the Canada-Ontario Agreement on Great 
Lakes Water Quality. 

The study was carried out in a 1.5 L/s (20 Igpm) pilot plant 
operated at the Wastewater Technology Centre. The experimental work 
occurred over a seven month period from October, 1972 to April, 1973. 

The study determined that quicklime may be used in place of 
hydrated lime without an Increase in the lime requirement provided that 
the lime slaking temperature was within 60 to SZ^C and the water/quicklime 
ratio (weight basis) 6 to 10 at a slaking reactor detention time range of 
5 to 50 minutes. 

A quicklime feed preparation system was developed and the full 
scale system design is presented. 



RESUM^ 



La prfesente 6tude sur 1 ' ut i I ! sat ion de chaux vive 5 des fins de 
dfephosphatat ion a €t€ financee en vertu de 1 'Accord Canada-Ontario sur ia 
qualitfe de i'eau des Grands lacs. 

Elle a 6t6 rfealisee dans une unite pi lote d'un debit de 1,5 1/s 
(20 gallons imp./min), au Centre technique des eaux us^es, d'octobre 1972 
3 avril 1973 i ncl us I vement . 

La chaux vive peut remplacer une quantity egale de chaux §teinte 
5 condition que la temperature d'extinction soit maintenue entre 60 et 
82 C, que le rapport pond^ral eau/chaux vive soit de 6 S 1 et que la 
duree de 1 'extinction soit de 5 3 50 min. 

Une dispositif de preparation de la chaux vive a 6t§ mis au 
point, et il est pr6sent6 3 I'fechelle. 
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CONCLUSIONS 

The foHowIng conclusions were drawn from the pilot plant study: 

1) To achieve the same pH in the treatment process, 1.25 times by 
weight of hydrated lime that quicklime is required. 

2) The reduction of total phosphorus, soluble phosphorus, biochemical 
oxygen demand, and suspended solids as a result of treatment was the 
same, regardless of whether slaked quicklime or hydrated lime was 
used . 

3) Sludge production rates were similar in both cases. 

^) All quicklimes tested could be fed satisfactorily from conventional 
dry feeders, 

5) Instances of arching and flooding from the chemical hopper were 
lessened considerable when quicklime was used. 

6) Air slaking was lessened and handling difficulties were reduced as 
the particle size of the quicklime increased. 

7) Grit problems increased with increasing quicklime particle size. 
There were approximately 3 kg of grit for every 100 kg of quicklime. 
Grit from minus 10 mesh and minus 28 mesh quicklime was not a problem 
as it passed to the process with the hydrated lime formed. 

8) No problems were encountered with slaking the material in the 
solution pot. The optimum conditions were: 

- reaction temperature 60 to 82°C , 

- water/quicklime ratio (weight basis) between 6:1 and 10:1, 

- detention time in slaking reactor 5 to 50 minutes. 

9) Build-up of lime on side walls in the dissolving tank was reduced 
when quicklime was used. Periodic cleaning was required. 



I INTRODUCTION 

The technology for removal of phosphorus from wastewater has 
developed rapidly in the last few years as a result of concern arising from 
the over-fertilization, and thus eut rophicat ion , of surface waters. Esta- 
blishment of water quality standards that limit the concentration of phos- 
phorus entering receiving waters has followed this improved treatment 
technology. Research and demonstration studies at several cities in the 
past few years have contributed to the advance in knowledge of phosphorus 
removal (Convery, 1970; Menar and Jenl<ins, 1972; Sheehy and Evans, 1976). 
Several chemical coagulants have been shown to be compatible with primary 
settling and biological systems wliile at the same time achieving high phos- 
phorus removal efficiencies. Those chemicals which show most promise in- 
clude aluminum sulphate, ferric chloride/sulphate and calcium hydroxide. 

The addition of lime to raw wastewater is practised at a number 
of waste treatment plants (Bernhoff, 197^)- The removal of phosphorus by 
lime in the primary treatment stage is accompanied by increased BOD and 
suspended solids removal, which leads to a reduction in the organic load on 
the secondary treatment facilities (Black and Lewandowski , 1969). Reduced 
organic loadings benefit overloaded plants and aid in increasing the degree 
of nitrification. Other benefits derived from lime use include improved oil, 
grease and scum removal, and lower corrosion rates in the primary sludge 
handling system. The main disadvantage of using lime for phosphorus removal 
has been the increased quantity of primary sludge that results. For most 
primary plants, it is anticipated that the sludge volume produced in the 
primary stage will be three times what is normally produced in the absence 
of lime addition. This is not as bad as it seems as one-half of the increased 
sludge volume can be attributed to increased suspended solids removal. Also, 
as the load to the activated sludge section of the process is reduced by 
about 50%, the quantity of waste activated sludge produced (which is diffi- 
cult to dewater) is reduced accordingly (Minton and Carlson, 1973). 

There are three possible methods for storage and feeding of lime 
in full-scale sewage treatment operations: 

1) bag or bulk hydrated lime batch slurry make-up, storage and 
controlled rate feeding; 

2) dry hydrated lime bulk hopper storage, batch continuous slurry 
make-up and controlled feed rate; or, 
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3) dry quicklime bulk hopper storage, batch or continuous slaking, 
slurry storage and controlled feeding (Fahlenbock, 1973; National 
Lime Association, 1976)- 

Considerable operational savings can be realized through the use of 
quicklime instead of hydrated lime. The theoretical ratio of calcium oxide 
in quicklime to that in the hydrate is 1.33 to 1.0, or, stated in another 
way, 75 kg of quicklime should be as effective as 100 kg of hydrate. Quick- 
lime is also about 5 percent lower in price per kg than hydrated lime. In 
addition (and probably more importantly), the improved flowability of quick- 
lime in comparison with hydrated lime greatly reduces handling problems 
(Hirsch, 1962). 

duicklime may be divided into three classes on the basis of 
physical and chemical properties: high calcium quicklime (less than 5l 
magnesium oxide); magnesium quicklime (5 to 3St magnesium oxide); and dolo- 
mitic quicklime (35 to kO% magnesium oxide). Almost al! of the lime avail- 
able in Ontario is high calcium quicklime, and it may be hard or soft 
burned. Hard or soft burned classification may be described as follows: 

hard-burned - calcined at high temperature 

and generally characterized 
by relatively high density 
and moderate to low reactivity 

soft-burned - calcined at relatively low 

temperature and characterized 
by high porosity and reactivity 

Quicklime is also available in a number of more or less standard sizest 

pebble lime - ranges in size from 18 mm to 

6 mm, and is the raw product produced 
in mist k i 1 ns 

crushed - ranges in size from 6 mm to dust 

ground - product resulting from grinding 

the larger size material and/or 
screening of the fine size 

pulverized - product resulting from intense 

grinding 



The term "slaking" describes the combination of varying propor- 
tions of water {in excess of the stoichiometric quantity) with quicklime 
to produce a hydrated lime slurry. For maximum efficiency the lime should 
be slaked at or near optimum conditions which are normally experimentally 
determined. The way the 1 ime is slaked can mean the difference between a 
slaked lime of very small average particles size that is slow settling and 
chemically very reactive, and a hydrate which is much coarser (and possibly 
incompletely hydrated) that settles rapidly and has a low reactivity. The 
variables which affect hydrate quality are: 

- reactivity of the quicklime 

- particle size and graduation of the quicklime 

- amount of water 

- temperature of slaking 

- distribution of water 

- agitation 

- contact time 

Hydration is carried out in a device called a slaker, which may 
be one of two basic types, (1) detention type - which produces a lime 
slurry, or (2) paste type - which produces a pasteor putty; the only real 
difference between the two is the amount of water initially added to the 
quicklime. The detention type is preferred in wastewater treatment plant 
operations. A detention slaker normally has two compartments; reaction 
takes place in the first compartment where the dry quicklime is mixed with 
the optimum amount of water at the desired temperature, producing a high- 
solids hydrated lime slurry which passes to the second compartment where 
dilution water is added to produce a slurry of the desired consistency. 
This second chamber also contains a degritting device. 

Hydrated lime is universally used in wastewater treatment opera- 
tions rather than quicklime because there is a gritty residue produced in 
the slaking process. With high-quality chemical quicklimes that have 
been thoroughly calcined and have a loss-on- i gn i t ion of 1 -1/2 percent or 
less, the grit content that must be wasted is 1-2 percent of the weight of 
the quicklime. Included in the grit, along with the carbonate core, are 
insoluble silicates, etc., all of which are impurities occurring in the 
limestone. The grit resembles a mass of wet sand-like particles of size 



ranging from 6 mm to iOO# mesh. Degritting is performed to Improve lime 
quality and reduce abrasion and wear on equipment. 

In 1972, under the Canada-Ontario Agreement, a pilot plant 
program to study the direct use of quicklime for phosphorus removal was 
initiated. Studies of a similar nature had already been undertaken in the 
water treatment field (Ward, 1965; Schworm, I960). The study was carried 
out at the Wastewater Technology Centre, Environment Canada, where a 
1.5 L/s (20 tgpm) primary treatment plant, with a quicklime/dry hydrated 
lime chemical addition system was built and operated. The study had 
several objectives, including: 

- the investigation of the direct use of unslaked lime as a 
chemical precipitant for phosphorus removal; 

- the development of design criteria for a quicklime system; 
and 

- the comparison of phosphorus removal efficiency between the 
direct use of unslaked lime and conventional phosphorus 
removal processes employing slurried hydrated lime. 

This report describes the results obtained from the study. 



:i EXPERIMENTAL METHODS 

2. 1 Pi lot Plant Equipment 

A chemical treatment pilot plant with a hydraulic capacity of 
1.5 L/s (20 Igpm) located at the Wastewater Technology Centre (WTC) was 
used in this study. Raw, degritted sewage obtained from the Burlington 
Skyway Treatment Plant was used as the influent. A schematic of the 
pilot plant is shown in Figure 1. The treatment sequence included: 

1) Metering hydrated/uns 1 aked lime via a dry feed system into a 
flash-mix tank where it was contacted with the raw sewage for 
f i ve mi nutes . 

2) Floccuiation by two in-series flocculators for a total 
residence time of kS minutes. 

3) Clarification in a settling tank which had a mean residence 
time of 120 minutes and an overflow rate of 2.P3 mB/m^.d 
(600 Igpd/ft2). 
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FIGURE 1. CHEMICAL PILOT PLANT SCHEMATIC 



The hydrated/quickl ime feed unit, which is presented schematically 
in Figure 2, consisted of a BIF 25-06 volumetric dry feeder and solution 
tank. The solution tank volume was 2.25 L (0.50 Imperial gallons). Dry 
lime feed rates ranged from 0.68 to 3-2 kg/h (1.5 to 7 Ibs/h) and water 



addition rates were h.S to 2/ LAi (I to 6 Igph). During the quicklime 
addition periods the water rate and lime feed rate were manually set to 
provide the required water to lime ratio. A metering pump was used to 
control the water rate. The temperature in the slaking reactor was con- 
trolled by automatically adjusting the temperature of the incoming slaking 
water. The agitation in the reactor, provided by a 0.09 kw {1/8 hp) mixer, 
was sufficient to maintain minus 6 mm (1/^ in) grit in suspension so that 
it left the reactor with the slaked lime slurry. 
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FIGURE 2. PILOT SCALE QUICKLIME HANDLING SYSTEM 



2 . 2 Preliminary Experiments 

Prior to the pilot plant experimental runs a number of preliminary 
experiments were carried out. Jar tests were performed to measure the 
amounts of quicklime relative to those of hydrated lime required to raise 
wastewater pH. A hydrated lime stock solution was added incrementally to 
a series of samples of wastewaters and the pH at equilibrium conditions was 
measured. The procedure was then repeated for quicklime. The reactivity 
or speed of slaking is an important chemical property, which must be taken 
into account in the direct feeding of quicklime to wastewater. To measure 
the slaking rate, 50 g of quicklime was dropped into a thermos bottle, and 



200 g of water at 20°C was rapidly poured in. Then the container was 
stoppered and continuously agitated. Reaction temperature was monitored 
continuously until equilibrium. The quantity and size of the grit and 
residue formed in the slaking process determine the agitation level required 
in the slaking reactor. They will also have a bearing on equipment life- 
time and process reliability. Grit in the quicklime and slaked lime was 
measured using Tyler sieves. Particle size distribution of the grit in the 
slaked lime samples was determined by collecting slurry samples from the 
reactor, sieving the wet slurry, then drying the collected fractions at 
lOS^C in an oven. 

2.3 Pilot Plant Test Procedures 

The influent and effluent streams of the pilot plant were auto- 
matically sampled at hourly intervals, 2k hours a day. From the hourly 
samples, three 8-hour composite samples were prepared for the period to 
8, 8 to 16, and 16 to 2h hours. Twice-daily grab samples of the sludge 
collected in the clarifier were taken, and a daily composite sample pre- 
pared. The analyses performed on these composite samples are summarized in 
Table 1. Those for BOD5, suspended solids, total alkalinity, and total 
hardness were performed according to standard methods (APHA, 1970, while 
the other analyses were carried out according to procedures described by 
Traversy (1971). In addition, grab samples of the influent and effluent 
were collected frequently to monitor pH as a process control parameter. 
Sludge production was measured and recorded daily. 

Along with sample collection, various other measurements and tests 
were made during the test periods. These tests included: flow measure- 
ments (raw sewage, primary sludge, recycle sludge); feed rates of dry lime 
and dissolution water; sludge settling tests and lime slurry quality 
(reaction time and neutralization equivalent). Since this was a prelimi- 
nary study, the pilot plant trials were of relatively short duration. The 
pilot plant conditions during various operational periods are summarized 
in Table 2. 

2 . k Lime Grades Used in Experiments 

Domtar Chemicals Ltd. high calcium soft burned lime was used in 
all experiments. The lime was supplied in 22.5 kg (50 lb) bags. The 



TABLE 1. ANALYTICAL TESTS ON PROCESS STREAMS 
DURING QUICKLIME EXPERIMENTS 



Biochemical Oxygen Demand (BODp) 

Total Organic Carbon (TOC) 

Suspended Solids (SS) 

Volatile Suspended Solids (VSS) 

Total Phosphorus (TP) 

Total Filtrate Phosphorus (TFP) 

Total Alkalinity (TA) 

Total Hardness (TH) 

Hydrogen Ion Concentration (pH) 



Suspended Solids (SS) 

Volatile Suspended Solids (VSS) 

Total Phosphorus (TP) 



TABLE 2. PILOT PLANT CONDITIONS FOR QUICKLIME EVALUATION 



Period 


Duration 
{day/month) 


No. 
days 


Type of Lime 
and pH 


I 


23/10-03/11 


12 


basel ine 


2 


o6/n-to/n 


5 


hydrated 1 fme 9-5 


3 


13/11-17/1! 


5 


quick! ime 9.5 


k 


30/11-03/12 


A 


quicklime 11.2 


5 


05/I2-1V12 


10 


hydrated lime 11.2 


6 


16/12-20/12 


5 


hydrated lime 11.2 


7 


08/01-12/01 


5 


basel ine 


8 


15/01-19/01 


5 


hydrated 1 ime 9.5 


9 


22/01-27/01 


6 


quickl ime 9.5 


10 


07/03-10/03 


h 


quicklime 11.2 


11 


13/03-17/03 


5 


quicklime 9.5 


12 


19/03-23/03 


5 


hydrated 1 ime 9.5 


13 


28/03-Ot/O't 


5 


basel ine 



grades of lime examined included: Beachville shaft pulverized quicklime, 
Beachville rotary kiln quicklime {-10 mesh), Beachville rotary crushed quick- 
lime and Beachville chemical hydrate. Tyler screen analyses and pertinent 
physical properties of these limes are presented in Tables 3 and A, 
respectively. These quicklimes may be related to quicklimes in general by 
comparing these data with those presented in Table 5. 

TABLE 3. MESH (TYLER) ANALYSES OF LIME GRADES 



Mesh (Tyler) 


Shaft 


Rotary 


Rotary 


Chemical 




Pulverized 


Ki In (-10 mesh) 


Crushed 


Hydrate 




^ . - . - 

average percent passing 




-l/if inch 






> l# 




10 




100 


fS 




28 


100 


68 






48 


97 


i+B 


m 


100 


100 


20 


26 


m 


99.9 


150 




9 






200 


15 


1 


15 


96.0 


325 








93.0 



TABLE 4. ASTM SLAKING RATES OF LIME GRADES 



Physical 
Property 


Shaft 
Pulverized 


Rotary 

Kiln (-10 mesh) 


Rotary 
Crushed 


Chemical 
Hydrate 


Slaking rate temp, 
rise in 30 sec. 

Total temp, rise 

Active slaking 
t ime 

Emley plast i ci ty 


12°C 

35°C 

7 min 
250 


28^0 

40°C 

2 min 
500 


'40°C 

2 min 
500 


litO 



f 



TABLE 5. 



CHARACTERISTICS 
(CARR, 1976) 



OF MAIN GRADES OF aUICKLIME 



GRADES 


CALCIUM CONTENT 




FORM 


PARTICLE SIZE 


High Calcium 


>88% CaO 


Lump 


3" - 8" and smaller 


Medium Calcium 


75 - es% CaO 


Lump Crushed 


1/Z" - 2-1/2" to dust 


IjOw CaJclum 


<60 - 76';?, CaO 


Pebble 


1/4" - 1-1/2" and smaller to dust 


Dolomitic 


51 - 58% CaO 
35 - 41% M^ 


Pellet 


20 to 100 mesh 


Magnesium 


5-35% MgO 


Ground 


-8 to -100 mesh 


Dolomitjc Lime cou] 
low calcium lime 


d also be classed as a 


Pulverized 


+100 to -200 mesh 



BURNED OR 
CALCINED 


CALCINATION TEMPERATURE DEC, F 


'^^ SLAKING 
CHARACTERISTICS 


Soft 


Calcined just above the decomposition 
temperature necessary — 1800 to 2400° F 
in a minimum time. 


Very quick slaking and 
temperature rise 


Normal 


Calcined at about 2400 to 2600° F in a 
minimum time. 


Fast to medium slakLig 
and temperature rise 


Over 


Calcined at 2500 to over 2600° F. B 
lower, then time would be longer. 


Medium to Slow slaldng 
and temperature rise 


Hard 


Calcined above 2600° F. It at a lower 
temperature, time would tie longer. 


Slow to very slow BlaJdng 
and temperature rise 



TYPE OF REACTION FOR DrFFERErTT GRADES OF LIME AT 4 TO 1 RATIO 



(1) 



CALCIUM 
OXIDE % 


BURNED OR 
CALCINED 


SLAKING 
REACTION 


TIME 
MINUTES 


TEMPERATURE 
RISE 


RANGE IN , 
DEG. F ^^' 


High 
Calcium 


Soft 
Normal 
Over to Hard 


Very Quick 
Medium 
Medium to Slow 


1 - 3 

e - 16 

20 - 35+ 


Very High 

High 

High to Med-^-*' 


90 - 100 

85 - 100 

<80 - 90 


Medium 
Calcium 


Soft 
Normal 
Over to Hard 


Quick to Medium 

Medium 

Slow 


& - 8 
15 -35 
20 - 40+ 


High to Med. <^J 
Medium , . 
Med. to Low'^' 


75- B2 
70- 92 
(50- 80 


Low 

Calcium 


Soft 

Norisal 
Over to Hard 


Quick to Medium 

Medium 

Slow to Very Slow 


5 -10 

20 -40 
40-60+ 


Medium 

Med. to Low '■" 
Low to Very Low <^' 


<60 - 75 

(50- 70 
ClO - 40+ 


Dolomitic 


Soft 
Normal 
Over to Hard 


Quick to Medium 

Medium 

Slow to Very Slow 


5 -JO 

e - 15 

40 - 60+ 


Low 
Low 
Very Low 


55- 61 

<40 - 51 
CIO - 30+ 



a) 



(2) 

(3) 



Time ol calcination, type ol kiln, composition of Umestone and the composition of the 

surrounding atmosphere (CO, content In kiln), are aU Jactors in the type of burned 

lime produced, as to reactivity, etc. At a lower raUo (say 2.5-1) reaction couW be 

quicker or at least similar. Air ElaWng will increase slaking time and decrease the 

temperature rise. 

Insulated reaction, with no Insulation, the temperature would be less. 

According to the heat loss, due to slower Elaking and/or to the calcium content. 
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RESULTS AND DISCUSSION 



Preliminary Experiments 

As a basis of comparison, jar tests were conducted using hydrated 
lime and quick] ime to raise the pH of raw wastewater. The results of two 
representative jar tests are illustrated in Figures 3(a) and 3(b). These 
tests indicated that the quicklime requirement averaged 79 percent of the 
hydrated lime requirement for an equivalent pH increase, compared with 75 
percent from theoretical considerations. Since the available lime index 
was the same for the hydrated lime and quicklime used in the experiments, the 
increased relative quicklime requirement most probably resulted from incom- 
plete slaking of the quicklime. 



12 n 




400 

LIME ADDED (mg/L) 
(a) 



500 




300 

LIME ADDED (mg/L) 
(b) 



400 



500 



FIGURE 3. COMPARISON OF HYDRATED AND QUICKLIME DOSAGES IN TWO REPRESENTATIVE 
JAR TESTS 



tn the direct use of dry quicklime, the slaking speed is an im- 
portant factor. The hydration reaction should be complete before the lime 
slurry contacts the wastewater, as slaking rate is very dependent on the 
lime to water ratio and reaction temperature. Any unreacted quicklime 
added to the wastewater is lost, as that lime would settle out in the 
clarifier before it had reacted. This effect would occur because of the 
relatively low wastewater temperature and lime to water ratio. Generally 
speaking, a desirable grade of quicklime is one where the hydration reaction 
is essentially complete within four or five minutes. 
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In a series of tests on slaking rate it uas found that hydration 
was essential )y complete within 3 minutes, and that Initial temperature 
(20 to kO°C) and particle size distribution (shaft pulverized, rotary kiln 
(-10 mesh) and rotary crushed) had relatively little effect on hydration. 
The results of typical tests on hydration rate are presented in Figures ^4 
and 5 . 
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FIGURE h. EFFECT OF INITIAL 
TEMPERATURE ON SLAKING RATE 



FIGURE 5- RELATIVE SLAKING 
RATES OF LIME GRADES 



Grit and residue remaining in the slaked quicklime is also an 
important factor to be examined when considering the use of dry quicklime. 
The grit size determines the mixing level required in the slaking reactor 
and may also have a significant impact on the lifetime of the rotating 
equipment and pumps in downstream processes. Sieve tests were conducted 
on various quicklime grades and on the grit which resulted; examples of the 
experimental data from representative tests are presented in Figures 6(a) 
and 6(b). It was found that particle size distribution generally followed 
the original quicklime-grade particle size fraction. In most of the experi- 
ments, the grit which remained on the sieves was two to three percent of the 
initial quicklime fed. Thus the mixing level and, indirectly, equipment 
wear would increase with increasing average particle size of a quicklime- 
grade. 
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FIGURE 6. EXAMPLES OF SCREEN ANALYSES OF QUICKLIME AND GRIT 



3.2 



Pi lot Plant Tests 



Initial experiments with the quicklime feed system resulted in 
only a very small temperature rise in the solution pot. Because of this 
only partial reaction occurred even though the water to lime ratio was 
between 5:1 and 10:1. The rate of heat loss from the reactor was too 
great to sustain the reaction. To compensate for the heat losses, the re- 
actor was insulated and a heating unit was inserted in the water inlet of 
the slaker. Reactor temperature could then be controlled by adjusting the 
temperature of the incoming water. All subsequent experiments reported 
were conducted with a water to lime ration of 5:1 and a reactor tempera- 
ture of 66°C (i50°F). The grade of quicklime used was rotary kiln quick- 
lime (-10 mesh) . 

The pilot plant experiments were designed to evaluate, at both the 
low lime treatment level (pH 9.5) and the high lime treatment level (pH 11), 
the effectiveness of dry quicklime relative to hydrated lime. The factors 
used in this assessment were: (1) lime dose required; (2) phosphorus 
removal; and (3) general treatment capabilities. In all, there were 13 
experimental periods of approximately one to two weeks duration each. 

The average raw wastewater characteristics for each experimental 
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period are presented in Table 6. Table 7 summarizes, for each test period, 
the type of lime used and the quantity of lime required to achieve the de- 
sired pH level. The values of lime quantity reported are average values 
of the daily consumption data. The data confirm bench test results and show 
that the relative quicklime to hydrated lime ratio is 75 to 80 percent at 
the low lime treatment level, and 79 to 81 percent at the high lime treat- 
ment level, 

TABLE 6. RAW SEWAGE CHARACTERISTICS 



PERIOD'"^ 


BOD5 


TOC 


ss 


vss 


IP 


TFP 


TA 


TH 


pH 




mg/L 


mg/L 


mg/L 


mg/L 


mg/L 


mg/L 


mg/L 


mg/L 




1 


13** 


27.6 


187 


136 


5.2 


2.k 


238 


222 


7.6 


2 


77 


12.9 


210 


73 


2.6 


0.9 


260 


235 


- 


3 


129 


15.1 


359 


126 


5.0 


1 .1 


313 


245 


- 


k 


92 


13.'. 


136 


100 


A.) 


2.6 


226 


243 


7.8 


5 


77 


15.5 


130 


92 


3.1 


1.9 


233 


272 


7.7 


6 


89 


12.9 


111 


83 


3.5 


2.8 


2^5 


291 


7.6 


7 


139 


13.0 


163 


123 


5.5 


3.3 


243 


266 


7.5 


8 


liO 


12.9 


126 


93 


5.h 


3.7 


227 


266 


7.6 


9 


82 


16.9 


119 


89 


4.9 


s.'* 


219 


259 


7.4 


10 


67 


12.0 


100 


80 


3.3 


2.1 


216 


300 


7.3 


n 


55 


9.7 


124 


78 


2.6 


1.5 


212 


320 


7.3 


12 


50 


15.1 


97 


76 


2.7 


1.8 


220 


337 


7.6 


13 


77 


15.8 


139 


99 


3.'» 


2.0 


225 


323 


7.3 



''■See Table 2 for specific times. 
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TABLE 7. QUICKLIME VS. HYDRATED LIME REQUIREMENT TO ACHIEVE DESIRED 
pH LEVEL 



PERIOD-* 


pH 


LIME 


QUANTITY 


RELATIVE 






TYPE 


REQUIRED 
kg/d 


QUICKLIME 
REQUIREMENT % 


1 


- 


basel ine 


- 




t 


9.5 


hydrated 


31.1 


_ 


!■ 


9.5 


qui ck 


23.2 


75^ 


; .-4 


11.2 


qu ick 


58.? 


79% 


M 


11.2 


hydrated 


73.0 


- 


:i 


11.2 


hydrated 


73-5 


- 


7 


- 


basel ine 


- 


- 


e 


9-5 


hydrated 


29.8 


- 


9 


9-5 


quick 


22.8 


77% 


10 


11.2 


quick 


59. ii 


80^ 


II 


9.5 


quick 


2').] 


80% 


12 


9-5 


hydrated 


30.1 


- 


13 

*See Tabl 


5 2 for Qripr i f 1 r 


basel i ne 


- 





TABLE 8. COMPARISON OF REMOVAL CHARACTERISTICS (PHOSPHORUS) 







PERIOD" 


TOTAL PHOSPHORUS 


FILTERED PHOSPHORUs] 


\ 






(mq/L) 




(mq/L) 1 


IN 


OUT 


I REMOVAL 


IN 


OUT 


% REMOVAL 


Base 1 Ine 


1 


5.2 


3.8 


27 


2.U 


2.i( 


- 


\ 




7 


5.5 


It. 6 


16 


3.3 


3.'' 


- 


\ 




13 


3. it 


2.9 


15 


2.0 


2.1 


- 




Hydrated 


2 


2.6 


1.8 


31 


0.9 


1.0 


_ 


-1 en 
3 I 


Lime 


8 
12 


5.k 
2.7 


1.8 
1.2 


67 
56 


3.7 

1.8 


1.0 
0.8 


73 
56 


Quickl ime 


3 


5.0 


1.9 


62 


1.1 


0.9 


18 


_i ^-^ 




9 


"t.g 


2.0 


59 


3.1* 


1 .1 


68 






11 


2.6 


O.B 


69 


1.5 


0.5 


66 




Hydrated 


5 


3.1 


O.U 


87 


1.9 


0.2 


89 


UJ . — . 

— r — 


Lime 


6 


3.5 


0.5 


86 


2.8 


0.3 


89 


Quickl ime 


k 


k.\ 


0.5 


88 


2.6 


0.2 


92 






10 


3.3 


0.3 


9t 


2.1 


0.2 


90 


X ^- 


















+ 


See Table 


2 for specific 


t imes 













The phosphorus removal characteristics of the quicklime and hydrat- 
ed lime additions are summarized in Table 8. Quici<lime proved to be 
slightly more efficient for total and filtered phosphorus removal than 
hydrated lime (10 percent better at the low lime rate and 3 percent better 
at the high lime rate). Table 9 presents the biochemical oxygen demand and 
suspended solids measured in the influent and also the percentage removal 
achieved during the hydrated and quicl<lime additions. The quicklime additions 
proved to be slightly better for suspended solids removal than hydrated 
lime, with very little difference observed for biochemical oxygen demand. 

TABLE 9. COMPARISON OF REMOVAL CHARACTERISTICS (BIOCHEMICAL OXYGEN DEMAND 
AND SUSPENDED SOLIDS) 



\ 




PERIOD--'' 


BIOCHEMICAL OXYGEN 
DEMAND (mg/L) 


SUSPENDED SOLIDS 
(mg/Ll 


VOLATILE SUSPENDED 
SOLIDS (mg/L) 


IN 


OUT 


% REMOVAL 


IK 


OUT 


t REMOVAL 


IN 


OUT 


% REMOVAL 


\ 


Basel ine 


1 

7 
13 


13J* 
139 

77 


76 
82 


39 


187 
163 
139 


69 
67 
77 


63 
59 
It It 


136 

123 

99 


60 
52 
60 


56 
58 
39 


-ICTi 

O Q. 


Hydrated 
Lime 


2 

8 

12 


78 

no 

50 


^9 
27 
27 


38 
75 


210 

126 

97 


It? 
39 


78 
69 
58 


73 
92 
76 


27 
2! 

20 


63 
78 
73 


Quickl ime 


3 

9 

n 


129 
82 

55 


58 
35 
25 


55 

58 


359 
119 
\2k 


52 
Its 
36 


85 
62 
71 


126 

89 
78 


28 

23 

17 


78 

7't 
79 


— f — 
X 
— Q. 


Hydrated 
Lime 


5 


78 

89 


20 

20 


7't 

77 


130 
111 


56 
31 


60 
72 


92 

83 


17 
10 


81 
88 


Quickl ime 


k 

10 


93 

67 


28 
15 


69 

78 


136 

100 


50 

26 


63 

74 


100 
80 


11) 

10 


86 
88 



* See Table 2 for specific times. 



Sludge production for low and high lime systems are summarized 
in Table 10. Sludge production increased five-fold at low lime conditions 
and seven-fold at high lime conditions over baseline conditions. On the 
whole, effluent and removal data demonstrate that dry quicklime may be used 
in primary treatment of municipal wastewater in place of hydrated lime. 
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TABLE 10. SLUDGE PRODUCTION 



\ 




PERIOD''^ 


SLUDGE 


SLUDGE 


SLUDGE 


RELATIVE AVE. Z 


\ 






FLOW 


CONC. 


PRODUCTION 


INCREASE IN SLUDGE 


\ 






(L/d) 


(mg/L) 


(kg/d) 


PRODUCTION OVER BASE- 
LINE 


Basel i ne 


1 


318 


45 200 


U.4 


^^^^ 


\ 




7 


123 


it7 'too 


5.8 


^^^^ 


\ 




13 


132 


8A 600 


11.2 


^^-^^ 




Hydrated 


2 


3h5 


106 000 


36.6 






Lime 


8 


590 


98 600 


58.2 


ilt. 


LU. — - 

s: LA 

-JCTi 

>3: 




12 


GkS 


110 000 


71.0 




Q.uickl ime 


3 


227 


147 000 


33.4 




O Q. 
_l — - 




9 


636 


115 000 


73.1 


■gll 






n 


5^*0 


117 000 


63.2 






Hydrated 


5 


962 


83 200 


80.0 




LU-— 

3^ 


Lime 


6 


831 


101 000 


83.9 


7B7 


Qu i ck 1 i me 


A 


872 


86 400 


75.3 




C3 3: 

— a 




10 


1303 


56 200 


73.2 


713 



"See Table 2 for specific times 
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k HANDLING OF QUICKLIME FOR PHOSPHORUS REMOVAL 

The equipment design and sizing parameters to be used for dry 
feeding of quicklime requires some consideration. Quicklime feed equipment 
was examined with respect to the following factors: quicklime storage, 
particle size, reactivity of quicklime, water to lime ratio, temperature of 
slaking, contact time and agitation, 

k . 1 Q,uickl ime Storage 

Storage units for quicklime must be water and airtight, as quick- 
lime is subject to slaking by moist air and deteriorates in storage at a 
much more rapid rate than lime. Quicklime is commercially supplied in bags 
or in bulk. Under good storage conditions, with multiwall moisture-proofed 
bags, quicklime has a storage life of three months. If bulk storage is used, 
the silo should be of sufficient size to have an on-hand storage capacity 
of seven days at all times, and a total storage capacity which is 50 percent 
greater than the minimum truck delivery (15 m^) . The most popular storage 
unit is a cylindrical steel silo with a cone bottom (cone angle 60 degrees 
or greater). The silo should be equipped with the following accessories: 
a dust collector (ZSm filter area); relief valve, high level, refill, and 
low level indicators; an inspection hatch and a fill pipe with cyclone in- 
let. 

The procedures for the selection of silo and bag feeders are 
readily available (National Lime Association, 1976) and thus are not detailed 
here. Feeders generally have a variable feed capability and are chosen to 
have a maximum feed rate of 1.5 times the normal daily usage rate. For 
silos, it has been found that gyrating bin bottoms, and vibrators coupled to 
variable flow volumetric feeders provide trouble-free operation. Increasing 
pitch helical screws with mechanical agitators, such as the 6IF volumetric 
feeder, provide excellent results in bag operations. 

k.2 Quicklime Particle Size 

The experience gained during this study confirmed the conventional 
wisdom that quicklime is easier to feed than hydrated lime. Large size 
grades of quicklime were also less likely to air slake, and were easier to 
feed than small size grades of quicklime; thus larger size grades of quick- 
lime are preferred. However, with large size grades, the resultant grit 



II 



particle size is increased along with its component problems. The grit 
problems caused by large grades of quicklime may be minimized if a rod or 
ball mill is used as the reactor vessel. Such a mill will provide the agita- 
tion required for slaking and grind the large grit particles into a fine 
powder. The technique was successfully demonstrated at an acid-mine-drainage 
waste treatment plant (Rivett and Oko, 1972; Denver Equipment Company, 1970) 
using rotary crushed quicklime, or pebble quicklime, and a 3 feet ('^1 m) 
diameter Denver ball mill. However ball mills are relatively expensive 
and a lime demand of 20 000 kg/d is required before ball mill reactors 
should be considered. When the demand is less than 20 000 kg/d, a small 
size grade quicklime, such as the -10 mesh quicklime examined in the experi- 
mental phase of the study, should be used with a stirred tank reactor. 

k .3 Quicklime Reactor 

The configuration and capacity of the slaking reactor depends on 
the following factors: water to lime ratio, reactor residence time, agitation 
level and slaking temperature. The experimental results showed that to 
successfully feed dry quicklime to a reaction vessel without using a slaker, 
the water to lime ratio must be in the range of 6:1 to 10:1, and close to 
7:1 if problems with slurry flow and pumping are to be avoided. This water 
to lime ratio results in a major portion of the sensible heat produced in the 
slaking reaction leaving the reactor in the slaked lime slurry, and a suffi- 
ciently high reactor temperature (55 to 65°C) is not developed. To initiate 
the reaction and maintain the reactor temperature, the incoming water must 
be heated. This may be accomplished by recovering the sensible heat in the 
slurry leaving the reactor with a plate coil heat exchanger (about 1.5 m^ 
of heat transfer area) immersed in a second compartment through which the 
slaked lime passes. The make-up water is passed through the coil plate and 
is heated before it enters the slaking compartment. 

The use of the wastewater itself, in place of soft water, In the 
slaking reaction should be considered. Experiments reported by Carr (1976) 
and presented in Table 11 demonstrate that slaking is not affected by the 
use of wastewater in the slaking reactor. Thus the use of wastewater as 
slaking water is recommended. The slaking water/slaked slurry retention 
time for high calcium quicklimes (CaO greater than 88^) should be 25 to 30 
minutes in the slaking compartment and 20 to 25 minutes in the heat exchange 
compartment. The agitation requirement for the two compartments may be 
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obtained from Table 12, where agitation horsepower is presented as a function 
of slurry concentration. 

TABLE 11. SLAKING WITH WASTEWATERS (CARR, 1976) 



WASTCUATER 
DESCRIPTION 


WASTEWATER 
ANALYSIS 


SLAKING TESTS 




"SOFT" TAP 


WATER 






WASTEWATER 


T.D.S. 

% 


Ct" 

% 


so" 

% 


RATIO 

WATER 

TO 

LIME 


T IME 
MIN. 


TEMP 
INIT. 

°F 


RISE 


VIS- 
COSITY 
cp 


SRIT 
RESI- 
DUE 


RATIO 
WATER 

TO 
LIME 


TIME 
MIN. 


TEMP 
INIT. 


RISE 

°F 


VIS- 
COSITY 
tp 


GRIT 

i. 


RESI- 
DUE 


I) Brackish 


2.9 


1.3 


0.19 


i,-\ 


3 


62 


101 


15,000 


7.0 


3i^l 


2 


93 


110+ 


450 


4.5 


19. 


a) Brackish 


2.9 


1.3 


0.19 


k-\ 


3 


62 


101 


15,000 


7.0 


4-1 


2 


128 


86+ 


1 ,000 


4.0 


16.0 


b) Brackish 


l.i-S 


0.65 


0.095 


k-] 


3 


62 


101 


15,000 


7.0 


3-1 


2 


92 


120+ 


6,000 


2.5 


II. 


c) Brackish 


l.'*^ 


0.65 


0.095 


I.-I 


3 


62 


101 


15,000 


7.0 


3i-l 


2 


72 


108+ 


t,750 


3.0 


16.0 


2) CaC1= Brine 


I4.0 


2.6 


0.001 


4-1 


3 


65 


93 


8,000 


7.0 


4-1 


2 


T^ 


98 


600 


19.0 


6.0 


a) CaCl^ Brin 


e il.O 


2.6 


0.001 


6-1 


2 


lis 


60 


800 


3.0 


6-1 


1 


1)9 


65 


160 


12.0 


8.0 


J) Cooling 


0.08 


0.006 


0.03 


it-1 


2 


T^ 


99 


20,000 


5.0 


4-1 




7'( 


94+ 


2,500 


2.0 


3.5 


a) Cool i ng 


0.08 


0.006 


0.03 


k-\ 


2 


7h 


99 


20,000 


5.0 


3-1 




72 


128+ 


8.500 


1.5 


2.5 


>*) Lake Morgan, 


l.ii 


0.011 


Q.oe 


i*-l 


2 


Ih 


39 


20,000 


5.0 


4-1 




75 


99 


600 


2.0 


7.0 


a) Arizona 


].h 


0.011 


0.08 


i|-l 


2 


T* 


99 


20,000 


5.0 


3-1 




72 


128+ 


15,000 


2.0 


3.0 


5) Reactor - 


Z.O 


- 


0.10 


h-\ 


5 


56 


94 


4,000 


5.0 


3i-I 




75 


107+ 


4,000 


2.0 


8.0 


a) Clarifier 


2.0 


- 


0.10 


k-] 


5 


56 


94 


4,000 


5.0 


3i-l 




107 


96 


1.100 


5.0 


6.0 


6) Scrubber 


0.5 


- 


- 


J(-l 


2 


62 


101 


15,000 


7.0 


3i-l 




70 


99 


2,000 


3.0 


11. 


7) Scrubber 


0.12 


0.012 


0.03 


1)-1 


5 


69 


9B 


5,000 


5.0 


4.9-1 




128 


74+ 


2,000 


2.5 


2.5 


a) Scrubber 


0.12 


0.012 


O.OJ 


1.-1 


4 


70 


98 


3,000 


5.5 


4-1 




100 


92+ 


800 


3.5 


3.5 


b) Scrubber 


0.12 


0.012 


0.03 


4-1 


4 


70 


98 


3,000 


5.5 


3i"l 




98 


114 


4,000 


3.0 


2.0 


c} Scrubber 
Treat 


0.05 


0.003 


o.oo'i 


^-l 


5 


69 


9B 


5,000 


5.0 


4-1 


5 


74 


99 


1,400 


Z.O 


3.0 


8) Sec.Sew.Eff. 


0.12 


0.005 


- 


3i-l 


6 


72 


94 


3,000 


6.0 


3i-l 


6 


72 


95 


1 ,500 


4.0 


1.0 


9) Sec.Sew.Eff. 


0.05 


o.on 


- 


^i-l 


20 


70 


98 


4,000 


6.5 


4-1 


18 


70 


96+ 


1,000 


1.0 


6.5 


10} Sec.W.W.Eff. 


0.123 


0.03 


0,065 


4-1 


1 


72 


108 


60,000 


3.5 


4-1 


2 


71 


99+ 


3,000 


4.0 


5.0 



TABLE 12. AGITATION REQUIREMENTS 



SLURRY 


AGITATION 


AGITATION FOR STORAGE 


CONCENTRATION 


FOR SLAKING 


AND HEAT EXCHANGE 


(wt Z) 


(kw/m^) 


(kw/m^) 


1 


0.163 


0.032 


s 


0.163 


0.032 


iu 


0.163 


0.032 


15 


0.197 


0.058 


20 


0.2U 


0.082 



20 



The control strategy of the quicklime slaking process may be 
based on (l) preparing a constant strength slurry and metering it into 
the process at a variable rate according to process requirements, or 
(2) preparing a variable strength slurry according to process require- 
ments and feeding it at a constant rate. The former control technique is 
preferred because fewer control components are required. Thus the process 
would be controlled by (1) setting the lime feed rate, (2) setting the water 
feed rate according to the water to lime ratio specified, and (3) setting 
the reaction temperature. By using a temperature controller, whose sensor 
is immersed in the slaking compartment, the reactor temperature can be main- 
tained by adjusting the fraction of the total slaking water which passes 
through the heat exchanger. 

Il ^4 Cost of a Quicklime Feed System 

The cost of a quicklime feed system may be estimated for a given 
treatment plant size by using Tables 13 and lA. Table 13 provides lime 
requirements for various waste treatment plant sizes based on a lime dose 
of 200 mg/L. Table 14 provides cost information for hydrated and quick- 
lime units in terms of silo storage requirements and lime feed rates. The 
quicklime unit data (Q,L in Table 14) used information generated by this 
study for equipment sizing. The hydrated lime unit data (HL in Table ]h) 
is based on conventional design methodology (Fahlenbock, 1973)- 

From the data it can be shown that, provided lime usage exceeds 6500 
kg/d, a quicklime system is less expensive in terms of total cost (consisting 
of operating and capital cost) than a hydrated lime system. 
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TABLE 13. LIME REQUIREMENTS- VS. PLANT SIZE 



PLANT SIZE 
mVd 
(MIGD) 


HYDRATE D LIME 


QUI CKLIME 


SLURRY FLOW 
(7 TO 1 RATIO) 
L/s 


kg/d 


mVh 


7 d 
STORAGE 


kg/d 


mVh 


7 d 
STORAGE 

m^ 


28 000 
(1) 


900 


0.08 


13-1 


675 


0.03 


5. it 


k.5 


113 000 

(4) 


3600 


0.31 


52.5 


2700 


0.12 


21.7 


18.2 


283 000 
(10) 


9100 


0.78 


131.3 


6750 


0,31 


54.7 


h,5 


566 000 
(20 


18200 


1.57 


262.6 


13500 

-^ ,~^ . — 1 


0.62 


108.6 


9.1 



'Based on dosage of 200 mg/L. 



TABLE ]h. LIME FEED EQUIPMENT COST AS A FUNCTION OF FEED RATE 



DESCRIPTION 




LIME USED (kg/day) 




900 


3600 


9100 


18 200 


Dry feeder, slurry/reactor tank, 
controls metering pump, mixer 
(common to HL and QL units) 

Ball mill modified for this 
application (QL unit only) 

Heat exchanger, mixer 
secondary tank, and controls 
(QL unit only) 


$23 000 

$18 000 
$10 900 


$2it 000 

$18 000 
$11 200 


$25 000 

$18 000 
$12 400 


$28 000 

$18 000 
$15 500 


^^^^-.^^ 


SILO CAPACITY (m^) 


28 


57 


85 


113 


142 


Silo bui 1 ding and 
related accessories 
(common to HL and 
QL units) 


$17 000 


$26 000 


$32 000 


$37 000 


$42 000 



QL = Quick! i me 

HL - Hydrated 1 ime 
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